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SUMMARY 

1.1. Elec t rode  S tud ie s  

1.1.1. Porous e l e c t r o d e s  

An o p t i c a l  method t o  d e t e c t  t h e  o n s e t  of t he  r e a c t i o n  zone 

a t  t h e  rear of  t h e  porous e l e c t r o d e  has  been developed t o  speed 

up t h e  eva lua t ion  of t h e  electrochem-ical T h i e l e  parameter.  The 
! r  

Thie l e  parameter compares i n t e r f a c e  r e a c t i o n  r e s i s t a n c e  t o  

e l e c t r o l y t e  ohmic r e s i s t a n c e .  The o p t i c a l  luminance technique 

"senses"  t h e  n a t u r e  of t h e  granular  m a t e r i a l  i n  t h e  porous 

e l e c t r o d e  because i n t e r n a l  r e f l e c t i o n s  an6 r e f r a c t i o n s  cause 

wave l eng th  dependent absorp t ion  t o  occur  i n  t h e  dif.fuse1-y 

s c a t t e r e d  l i g h t .  T h i s  s c a t t e r i n g  effect  has been proven t o  ex- 

tend i n t o  a depth of s e v e r a l  thousandths of an inch f r o m  t h e  

rear of a porous m a t e r i a l .  When used wi th  e l e c t r o d e s  of  va r ious  

i n i t i a l  t h i ckness ,  t h i s  o p t i c a l  method w i l l  permit t h e  ob ta in ing  

of information equ iva len t  t o  s e v e r a l  s l i c i n g  and chemical a n a l y s i s  

experiments.  The advantage of working wi th  a f u l l  s i z e  e l e c t r o d e  

under cond i t ions  which apply i n  b a t t e r y  ope ra t ion  i s  the  u l t i m a t e  

goa l  of  t h i s  work. This method is  p a r t i c u l a r l y  w e l l  s u i t e d  t o  

s tudying  t r a n s i e n t  e f f e c t s  such as pulse-charging. 

1 .1 .2 .  Z.inc Dendri tes  

A review of previous work has been continued. The n e t  

f i n d i n g  of r e s e a r c h e r s  i s  t h a t  mossy d e p o s i t s  a r e  obtained f o r  

a c t i v a t i o n  c o n t r o l l e d  depos i t i on ,  while  d e n d r i t i c  d e p o s i t s  a r e  
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obtained when diffusion is the controlling step. Preliminary 

experiments have been continued with lead nitrate solutions 

and shadow Schlieren techniques to visualize concentration 

gradients at the tips of growing dendrites. Photographic 

studies by this method clearly show that lead dendrite forma- 

tion involves natural convection. Ey %omparing the Gsashof 

number f o r  the lead nitrate system with that for practical 

battery electrolytes, it has been estimated that the driving 

force for natural convection is negligible compared with the 

special case of the lead nitrate solution. 

2.1. Membrane Permeation 

The permeability of ZnO in 40% KOH through an acrylic acid 

grafted and divinyl benzene crosslinked polyethylene battery 

separator membrane has been determined by an improved technique. 

At 0.4 M ZnO concentration and 26.5OC, the permeability is 

3 . 6 3  x cm/sec. An unsteady-state technique is being developed 

that will allow rapid determinations of permeability for varying 

temperature and concentration in a single run. 

2.2 Diffusivity of ZnO in 40% KOH 

The new diffusivity apparatus has been completed and is being 

calibrated. 

ment shows that with the new design the A R  effect will be 

negligible and the end boundary condition will be satisfactoriIy 

met. 

+n analysis of the flow characteristics of the equip- 



1.1, Elec t rode  S tud ie s  

1.1.1. Porous e l e c t r o d e s  

1.1.1.1. In t roduc t ion  

T h e  c y c l e  l i f e  and performance of si lver-zinc b a t t e r i e s  is 

l i m i t e d  by t h e  c a p a b i l i t i e s  of t h e  z inc  e l e c t r o d e s .  These 

nega t ive  e l e c t r o d e s  l i m i t  cyc l e  l i f e  because of changes i n  

phys i ca l  c h a r a c t e r i s t i c s  ( p a r t i c u l a r l y  po ros i ty )  and/or because 

of t h e  fornat ion,  during charge, of m e t a l l i c  d e n d r i t e s  which can 

p e n e t r a t e  the ce l l  s e p a r a t o r s  (1,2). I n  t h e  design of a b a t t e r y  

f o r  a s p e c i f i c  a p p l i c a t i o n ,  it i s  d e s i r a b l e  t o  he able t o  spec i fy  

t h e  th i ckness  and thus  t h e  weight of the e l e c t r o d e s  so t h a t  ex- 

cess m a t e r i a l  i s  n o t  unnecessar i ly  used. I n  o rde r  t o  be s p e c i f i c  

about a p a r t i c u l a r  cyc le  l i f e  and depth of d i scha rge ,  it i s  

necessary t o  know t h e  depth of p e n e t r a t i o n  of r e a c t i o n  i n t o  t h e  

porous b a t t e r y  e l e c t r o d e  i .e .  t h e  c u r r e n t  d i s t r i b u t i o n .  There 

are many mathematical  t rea tments  f o r  s i m p l i f i e d  systems, o r i g -  

i n a l l y  i n s p i r e d  by f u e l  ce l l  r e a c t i o n s .  For b a t t e r y  e l e c t r o d e s ,  

t h e  changing morphology adds complexity t o  t h e  mathematics. 

These problems have sca rce ly  been begun. For example, t h e  f o r -  

mation of an i n s u l a t i n g  product completely changes t h e  n a t u r e  of 

c u r r e n t  d i s t r i b u t i o n  wi th in  t h e  pore s t r u c t u r e .  A l s o ,  gas  

evo lu t ion  may c o n t r i b u t e  t o  a t o t a l  re--arrangement of t h e  

c u r r e n t  and a l so  a f f e c t  t h e  r e s i s t a n c e  of t h e  pathways wi th in  

t h e  porous e l e c t r o d e .  

The d a t a  obta ined  on model conf igu ra t ions  cannot be ex- 

t r a p o l a t e d  t o  p r a c t i c a l  systems wi th  any degree of confidence.  
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Consequently,  d e t a i l e d  experiments on a c t u a l  b a t t e r y  

e l e c t r o d e s  a r e  necessary i n  o rde r  t o  determine c u r r e n t  d i s t r i b u -  

t i o n  under a c t u a l  ope ra t ing  condi t ions .  The u l t i m a t e  g o a l  of 

such s t u d i e s  i s  t o  assemble ope ra t ing  c h a r a c t e r i s t i c s  i.n t h e  form 

of  t h e  T h i e l e  parameter f o r  va r ious  c y c l e  bciiavior and. tempera- 

t u r e s ,  etc. so t h a t  b a t t e r i e s  m a y  he designed Toor s?ecifJ.c 

a p p l i c a t i o n s .  

1-1.1.2 Performance and c y c l e  lifz 

By consideri .ng t h e  porous e l e c t r o d e  t o  be t h e  analoq of 

chemical c a t a l y s t  s t r u c t u r e s ,  B r o  and Kang ( 3 )  have heen able 

t o  c h a r a c t e r i z e  e l e c t r o d e  behavior i n  t e r m s  of an electro- 

chemical T h i e l e  parameter.  T h e  e lec t rochemtca l  analoq turned 

o u t  t o  be t h e  throwing power parameter i n  e l e c t r o d e p o s i t i o n  

technology ( 2 )  modified by being multiplied.  by a r a t i o  of 

p a r t i c l e  diameter t o  e l e c t r o d e  th i ckness .  

The use of t he  electrochemical  T h i e l e  parameter t o  pre-  

d i c t  t h e  p e n e t r a t i o n  of r e a c t i o n  f r o n t  l n t o  t h e  porous 

e l e c t r o d e  i s  a s t e p  ahead i n  r a t i o n a l  e l e c t r o d e  desiqn ( 2 ) .  

The s l i c i n g  method used by Bro and Kang ( 3 )  i s  t ed ious  

and produces r e s u l t s  which average o u t  important local 

v a r i a t i o n s  caused by c u r r e n t  d i s t r i b u t i o n  on a g ross  s c a l e ,  

such as a c r o s s  the width of t h e  e l e c t r o d e .  

The obvious advantages of t h e  e lec t rochemica l  T h i e l e  

parameter f o r  p r a c t i c a l  engineer ing of b a t t e r y  systems a r e  

combined w i t h  a high speed method f o r  p r o f i l e  de te rmina t ion .  
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The method,which has been explored i n  a pre l iminary  way, i s  

based on t h e  de te rmina t ion  of s p e c t r a l  luminance o r  d i f f u s e  

r e f l e c t i o n  from t h e  rear s i d e  of t h e  porous e l e c t r o d e .  By 

d e t e c t i n g  t h e  a r r i v a l  of e .g .  d i scharge  a t  t h e  rear of porous 

e l e c t r o d e s  of va r ious  th icknesses  by o p t i c a l  changes,  t h e  s a m e  

d i scha rge  p r o f i l e  d a t a  as obtained f r o p  t h e  s l i c i n g  technique 

may b e  f i n a l l y  assembled. 

The o p t i c a l  method w i l l  be  a b l e  t o  map o u t  t h e  l o c a l  d i s -  

t r i b u t i o n  of r e a c t i o n  by l i m i t i n g  t h e  l i g h t  spot s i z e  and a l s o  

will be a b l e  t o  follow the charge-discharge behavior of  an 

e l e c t r o d e  over  many cyc le s  under a c t u a l  b a t t e r y  ope ra t ion  

cond i t ions .  

1*1.1.3. Pre l iminary  experiments 

T h e  p o s s i b l e  hues and co lo r  v a r i a t i o n s  of p r a c t i c a l  b a t t e r y  

p l a t e s  have been s imulated wi th  mixtures  of two powc?ers, namely 

b lack  a c t i v a t e d  carbon and white  alumina powder. The mixtures  

w e r e  wet ted i n  acetone t o  s imula te  e l e c t r o l y t e .  

.The appara tus  c o n s i s t s  of two l i g h t  pa ths  wi th in  tubes  with 

a l i g h t  source  a t  one end and a d e t e c t o r  a t  t h e  end of t h e  o t h e r  

tube ,both  of which make an angle  wi th  t h e  bottom of a shallow 

g la s s  d i s h .  D i f f e r e n t  powder mixtures  were placed. in the  d i s h .  

A high i n t e n s i t y  microscope lamp w a s  used as an incandescent  

l i g h t  source  wi th  i n t e n s i t y  c o n t r o l  provided by c o n t r o l  of t h e  

Voltage t o  the lamp. 
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The i n t e n s i t y  of t h e  d i f f u s e l y  r e f l e c t e d  l i g h t  from t h e  

m a t e r i a l  a t  t h e  bottom of  t h e  d i s h  w a s  sensed by a s i l i c o n  

photo ce l l  us ing  a Kei th ley  e l ec t rome te r  t o  measure t h e  c u r r e n t .  

The ang le  of t h e  i n c i d e n t  l i g h t  w i t h  t h e  p lane  of t h e  s imulated 

e l e c t r o d e  w a s  arranged t o  avoid t o t a l  r e f l e c t i o n .  A s tandard  

s u r f a c e  i s  used f o r  comparison of r e f l e c t i o n s f o r  lumicance. 

White f i l t e r  paper i s  s u i t a b l e  f o r  t h i s  purpose.  I n  t h e  dry  

cond i t ion ,va r ious  mixtures  a r e  r e a d i l y  d i s t i n g u i s h e d  by changes 

i n  t h e  r e l a t i v e  i n t e n s i t y  of d i f f u s e l y  r e f l e c t e d  l i g h t .  TLJhen 

w e t ,  the d i s t i n c t i o n  i s  somewhat less b u t  s t i l l  permits  clear 

r e s o l u t i o n  of a r e l a t i v e  weight or  volume f r a c t i o n  of each 

component of t h e  mixture .  By adding s e v e r a l  layers of t h e  

c a l i b r a t i n g  paper ,  it was determined t h a t  s i x  o r  seven 

th i cknesses  a r e  needed t o  produce no f u r t h e r  change i n  t h e  

d i f f u s e  s c a t t e r i n g "  T h i s  i n d i c a t e s  t h a t  t h e  l i g h t  a c t u a l l y  

senses  a depth of several thousandths of an inch  of m a t e r i a l  so 

t h a t  it i s  c e r t a i n  t h a t  n o t  j u s t  t h e  f i n a l  rear s u r f a c e  of the 

e l e c t r o d e  i s  eva lua ted  by t h i s  technique,  b u t  r a t h e r  a reg ion  

close t o  t h e  f i n a l  su r f ace .  Crude experiments were performed 

using co lored  f i l t e r s  w i th  t h e  s i l i c o n  photo ce l l  and incan- 

descent  l i g h t  source t o  2etermine v.-hether o r  n o t  s p e c t r a l  

s e n s i t i v i t i e s  could be determined. Resu l t s  are inde termina te  

a t  p re sen t  s i n c e  t he  f i l t e rs  a r e  n o t  c l a s s i f i e d  accor2inq t o  

s p e c t r a l  behavior.  F u r t h e r ,  v?ork along t h i s  l i n e  is being 

c a r r i e d  o u t .  
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1.1.2. Zinc dendrites 

1.1.2.1. Introduction 

Xn a previous report C2) there has already bzen discussed the 

literature vork on zinc dendrite formation and the possible in-- 

fluence of natural convection on the morpholoqy of zinc dendrFtes. 

The presence of traces of impurity or slight changes in 

temperature, concentration, current density and applied potential 

may completely change both size and growth habit of crystal 

species. In addition, the surface of the actual electrode may 

vary in reactivity.from point to point. It is important that 

these physical changes and their effect be detected and analyzed 

in terms of overall deposit structure. 

1.1.2.2. Mass transfer and morphology 

It has already been demonstrated (4) that diffusion plays an 

important part in the morphology of metal deposition. The rate 

of zincate diffusion and the occurrence of spherical or linear 

diffusion in relation to the geometry of the electrode-electrolyte 

interface controls both the overall growth rate and the selective 

propagation of individual dendrites (5). In a study of forced 

convection on the morphology of zinc, Stachurski ( 4 )  has used 

the rotating electrode. The rotating electrode offers certain 

advantages over stationary electrodes in that deposition is easier 

to control by adjusting limiting current with changes in rotational 

speed. The concentration of zincate at the surface of the ro- 

tating electrode remains constant during the experiment because 

of the uniform accessibility of the rotating disk electrode. 
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The diffusion coefficient and the concentration of zincate 

determine the diffusion limiting current in a well-defined 

hydrodynamic system. 

Three different types of- deposits can be distinguished 

(a) smooth, obtained only on rotating discs at high 

Re, at overpotentials less than 100 millivolts and high 

concentration of zincate. 

(b) foam, also called moss; a soft and weak deposit 

of xligs&ep. It is formed at low overpotentials (less than 

L O O  millivolts) and at high concentration of zincate. 

(c) dendrites, obtained in free electrolyte and usually 

at higher overpotentials than for (b). 

The effects of natural convection on dendritic growth 

were studied in preliminary work (5) which involved con- 

trolled potential. It is somewhat more realistic to use con- 

stant current methods since batteries are normally charged in 

this manner. 

Arouete and Blurton (6) have established two classes of 

zinc deposition in a free convection system: an activation 

controlled deposit, which has a mossy appearance, and a 

diffusion controlled deposit, which conformed to the more 

usual concept of a dendritic deposit. When zinc is deposited 

from zincate saturated KOH, a change in densities of the 

electrolyte occurs in the immediate vicinity of the electrode. 

The natural or free convection is due to the density differences 

which, for vertical electrodes, cause an upward or downward 

flow of the solution, depending on whether the density of the 

electrode layer is smaller or greater than the bulk. 
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1.1.2.3. Preliminary experiments 

In a lead nitrate solution, one can observe Schlieren 

during deposition and dissolution (2). The Schlieren 

phenomenon has been further examined in an unstirred solution, 

using two optical methods. 
:, 

For usual observation, a diffuse light source was employed. 

The test cell used in earlier experiments has been placed in 

a feasible optical arrangement with the diffuse light source. 

Photographs were taken(with a Nikon - 35 mm camera with close- 
up 1enses)of the electrode during deposition and dissolution, 

A shadow Schlieren method derived from thermal boundary 

layer studies has been adapted to get greater contrast photo- 

graphs of concentration gradients associated with lead growth 

and dissolution (7). As with all 

Schlieren methods, light rays passing through a medium with a 

continuously variable index of refraction become deviated into 

optically denser parts of the medium. The image is formed 

by the projection of a shadow without the use of lenses. The 

optical arrangement viewed from above is shown in Fig. 1. It 

consists of a condenser lamp, plexiglass square sided cell 

(3'' X 2" X 3"), matte glass screen adjacent to the cell, and 

Nikon-35mm camera, with close-up lenses. Photographs are 

taken of the image projected on to the matte screen. 

Schlieren experiments have been combined with quantitative 

current-potential determinations during lead deposition. 

The apparatus and experimental technique used were similar to 
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those used by Wilke et al(8) with the anode and cathode arranged 

vertically.Times on the order of 1 minute were allowed following 

each voltage step to insure steady current readings. Cathodic 

overpotential was measured with respect to a lead reference 

electrode dipping into the same solution, using a Luggin 

capillary probe. 

tions, using a binocular microscope. 

Lead deposits were examined at 30 magnifica- 

1.1.2.4 Results and discussion 

The shadow Schlieren method was found to give the best 

contrast for lead deposition and dissolution SchLieren. Results 

are shown in figure 2a in appendix 1.1.2.1 for Schlieren 

which occurred during dissolution. The streaming is seen to 

follow a nearly vertical path downwards while the Schlieren in 

figure 2b during dendrite formation rise in an upward direction 

towards the free solution surface, where free convection circula- 

tion is established?)At higher net current density, the Schlieren 

become much more distinct than for lower- currents. The results 

shown in figure 2 indicate clearly that both lead deposition 

and dissolution involve natural convection. At low current 

densities in the so called activation controlled region, the 

lead deposition has been found to consist primarily of whisker 

growth and it is this region where the Schlieren are very 

vague. 

formation occurs, the Schlieren are very pronounced. The ex- 

treme localization of the Schlieren at the tips of growing 

At higher current densities where distinct dendrite 
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dendrites (Figure 2b, appendix 1.1.3.1) indicate an extremely 

non-uniform distribution of current density. The general 

linear shape of the current overpotential curve (Sec. 1.1.3.1: 

-Figure 3 )  obtained during deposition from 0.73 M Pb (NO3) 

solution, indicates only an activation controlled region in 

current density range in which the photographs (Figure 2) are 

obtained. Thus, Schlieren associated with diffusion limitation 

and concentration overpotentials are visible in the activation 

controlled region. 

Using the low current approximation to the overall electro- 

chemical rate law {linear region), the exchange current density 

Jo, may be calculated from the slope in figure 3 using the re- 

Eqn. 1 

The exchange current density for lead deposition in 0.73 M 

Pb(N03) 2 is thus approximately 47 mA/cm2. 

favorably with the exchange current density found by I?bntelli(lG) 

for single crystal (111) Pb electrodes in perchlorate electro- 

lyte (0.5 M Pb (Clod) 2 + 0.5 M HCl04) where Jo = 21 mA/cm2 and 

also for sulfamate (0.5 M Pb (NH2SO3l2 + 0.5 M NH2S03H), where 
Jo = 52 mA/cm2. 

directed to the problems of a) equivalent exchange current 

densities for electrolytes which result in totally different 

growth modes and b) the simultaneous occurrence of activation 

This value compares 

Much further theoretical consideration must be 

type of overpotential with mass transport limitations. Regarding 

the second question, quantitative measurements relating index 

of refraction profile and fraction of limiting current are needed. 
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The Grashof number is a non-dimensional group which combines 

the factors which describe the magnitude of natural convection. 

In a sense, the Grashof number compares as a ratio the magnitude 

of inertial to viscous forces which occur during natural convec- 

tion. By evaluating this characterizing parameter for the lead 

nitrate system, it is possible to compare equivalent convective 

effects for other systems whose Grasho5 number is known. A s  it 

happens, the lead nitrate solution has the distinct advantage of 

a large change in refractive index as a function of concentration, 

thus making it possible to clearly observe natural convection. 

Other electrolytic systems of interest do not necessarily have 

such a large refractive index change. By comparison of Grashof 

number the possible existence of important convective effects 

may thus be estimated. 

The dimensionless Grashof number, Gr, is defined by the re- 

Eqn. 2 g h3AP 
‘v2 P 

lation(8,lO) 
Gr = 

where: g = gravitational acceleration,cm/s2; h = electrode height, 

cm; Ap = density difference between bulk solution and interface, 

g/cm3; p = average electrolyte density, g/cm3 and u = kinematic 

viscosity, cm2/s. The density change is customarily included as 

the percentage variation of density with respect to concentration 

change in the densification coefficient a as given in Eqn. 3 

Eqn. 3 

In electrolyte systems, the densification coefficient does not vary 

greatly with concentration, and thus serves as an overall convenient 

parameter for comparison of various solutions. 
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For a s tandard  e l e c t r o d e  he ight  of 1 c m ,  t h e  Grashof number 

f o r  t h e  l e a d  n i t r a t e  system (0.73M) i s  approximately 9500 a t  

25OC, using s tandard  d e n s i t y  d a t a  (ll), and e s t ima t ing  v i s c o s i t y  

a t  1 .6  c e n t i p o i s e  based on t h e  v i s c o s i t y  of  CuSO4. 

t h e  c a l c u l a t i o n  may be found i n  t a b l e  1, appendix 1.1.3.2.  The 

D e t a i l s  of 

Grasnof number has  been a lso c a l c u l a t e d  f o r  a [CuSOq - H2S04-€120] 

system. 

appendix 1 .1 .3 .2 .  

s o l u t i o n  i n  1 . 5  M H2SO4 a t  25OC were taken from t h e  work of 

Eisenbhrg e t  a 1  ( 1 2 ) .  

a Grashof number of approximately 7200 i s  found f o r  t h e  above 

The d e t a i l s  of t h e  c a l c u l a t i o n  are l i s t e d  i n  t a b l e  2, 

Density and v i s c o s i t y  d a t a  f o r  0.7 M CuSO4 

For t h e  s tandard  e l e c t r o d e  he igh t  of 1 c m ,  

mentioned s y s t e m .  

O f  m o r e  d i r e c t  i n t e r e s t  t o  b a t t e r y  technology, t h e  e l e c t r o -  

l y t e  composition f o r  t h e  s i l v e r - z i n c  b a t t e r y  i s  e s s e n t i a l l y  

s a t u r a t e d  ZnO in 30% KOH s o l u t i o n .  Using d e n s i t y  and v i s c o s i t y  

d a t a  taken from t h e  work of Eisenberg (131, t h e  Grashof number 

for  d e p o s i t i o n  i.e. charging a t  25'C fo r  t h e  e l e c t r o d e  he igh t  

o f  1 c m  i s  computed t o  be  G r  = 1235. It i s  clear t h a t  t h e  

Grashof number for  t h e  p r a c t i c a l  s i l v e r - z i n c  b a t t e r y  system is  

much less t h a n  the equiva len t  Grashof number for  l ead  n i t r a t e  o r  

copper s u l f a t e  s o l u t i o n .  As a consequence, n a t u r a l  convect ion 

should be expected t o  occur  t o  a much lesser degree i n  t h e  s i lver-  

z i n c  e l e c t r o l y t e .  

I n  a c t u a l i t y  b a t t e r i e s  with s e p a r a t o r s  between e l e c t r o d e s  

where t h e  spac ings  are much less than  0.5 mm have geometric 

f a c t o r s  which s t r o n g l y  in f luence  . t h e  n a t u r a l  convection. 
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Some idea of the effect of natural convection in narrow spacing 

may be found in the work of BGhm et a1 (15). For ,the narrow 

space enclosed between a vertical electrode and a diaphragm, 

the following generalized mass transport correlation (dimension- 

less) was obtained: 

Eqn. 4 

; k = mass transfer coefficient, 

: and a = electrode-diaphragm, 

Nu = 0.0225 a (Sc,,Gr) 0.85 hi) 
g.9 

(;) 

where Nu = Nusselt number 

cm/sec; Sc = Schmidt number 

cm. 

corresponds approximately with the thickness of the mass transport 

Equation 4 is valid in the range of a < ak, where ak 

diffusion layer. Where the separation between electrode and dia- 

phragm is greater than ak the more commonly encountered equation 

which relates Nusselt number with the Schmidt and Grashof number 

serves ( 8 )  
Nu = 0.67 (Sc Gr)li4 Eqn. 5 

Assuming typical values for electrode height of 4 cm and 

spacing of 0.2 mm between plate and diaphragm, the Nusselt 

number for the ZnO-KOH system for Sc=3900 (based on estimated 

D = 5 x cm2/sec), has a calculated value of 8 5  using 

equation 5. By including the geometric factor according to 

equation 4 the corresponding Nusselt number is 8 . 3 .  Thus 

mass transfer by natural convection in practical battery systems 

whereconstricted spacingzoccur is considerably lower than for 

the usual free electrolyte type of convection. 
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1.1.3.2. Appendix: mass transfer calculations 

Grashof number calculations are shown in table 1 for the 

lead nitrate system (0.73M), the Cu S O ~ - H ~ S O ~ - H Z O  system table 2 

and for saturated ZnO in 30% KOH table 3. By combining equation 

2 with equation 3 of section 1.1.2.4, the Grashof number (8,lO) 

is given as ! r  

Gr - g a Ac h3 
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2.1 Membrane Permeation 

2. 1. 1 Steady State Experiments 

2.1,l.  1 A) Apparatus and Procedure 

The rotating membrane apparatus described in  previous reports has 

been improved and used for 

bility of ZnO through an acrylic-acid grafted and divinylbenzene cross- 

linked polyethylene membrane in 40 % KOH solution. Problems initially 

encountered due to adapting the apparatus for operation in the corrosive 

and viscous alkali solutions have been solved. 

with Dow Corning FS 1281 lubricant were satisfactory in sealing the apparatus 

and providing smooth operation at rotational speeds up to 25 RPM. 

Corning 111 lubricant was used a s  sealer and lubricant for the plastic 

components, 

ture stability (-40 to 500°F). 

steady state determination of the permea- 

> \  

Neoprene 'IC" rings greased 

Dow 

Both lubricants have good chemical resistance and tempera- 

Steady state runs have been initiated with the membranes presoaked in 

either 40% KOH alone o r  in 0.4M ZnO in 40% KOH for 24 hours prior to 

the run, providing alternate initial concentration distribution of Zn in the 

membrane. After assembly of the apparatus, the chambers a re  filled 

with 40% KOH-O.4M ZnO and with 40% KOH respectively. A few drops 

of methylene blue a re  added to the zincate solution to  allow easy visual 

determination of leaks. 

temperature maintained to 0. 1" C by circulating water from a constant 

temperature bath through the jackets of the chambers, 1 ml samples 

a re  taken every 30 seconds for the first 2.5 minutes, and afterwards at 

5 minute intervals. 1 m l  of 40% KOH is replaced for each saznple removed 

to maintain the chamber volume. 

half hours . 

The disk speed is set  at 13.1 RPM and the desired 

Each run is continued for about one and a 

B) Zinc Analysis 

Improvements have been made to the analysis of zinc using the AA-120 

atomic absorption spectrophotometer. 

solutions, poor reproducibility and irequent clogging of the nebulizer in  

the AA-120 was observed. 

Due to the viscosity of the KOH 

An extraction technique for zinc using Dithizone 
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in carbon tetrachloride was found unsatisfactory for obtaining the re- 

producibility necessary. 

dilution to the optimal operating range of the AA-120 proved satisfactory. 

1 ml of sample is added to 19 m l  of 2.4% nitric acid and well mixed, 

neutralizing the alkali and reducing the viscosity of the resulting solution 

so that trouble free opzration in  the AA-120 is obtained. 

20 fold dilution of the Zn is still well within the sensitivity of the analysis. 

To reduce analytical e r ro r  further, at least three aliquots of the diluted 

sample were sprayed into the machine consecutively, with the output 

recorded by a Leeds and Northrup Speedomax H recorder. 

A method based on neutralization of the KOH and 

The 

', 

The average 

value of the three readings was then used to determine Zn concentration 

by comparison with a standard calibration curve. 

pared for  each series of determination to eliminate e r ro r s  due to changes 

A new calibration is pre- 

in lamp and flame conditions. 

2. 1. 1.2 - Method fo r  Analysis of Results 

If two well mixed chambers with different concentrations of a permeant 

species a re  separated by a membrane, the concentration of permeant in 

the second chamber will increase with t h e .  

period in which concentration gradients a r e  established, a steady- state, 

o r  rather, pseudo steady-state period will ensue, which lasts as long as 

the concentration in the first chamber is much greater than that in the 

second. If we let 

After an initial unsteady state 

c1 = concentxa tion of permeant in chamber with volume VI ; 

cz = concentration of permeant in  chamber with volume V, ; 

c101 c20 = concentrations of permeant in chambers 1 and a 

at time zero; 

K = overall mass  transfer coefficient, including resistance 

of membrane and boundary layers on either side; 

A = area of membrane available for permeation; 

t = time; 
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then the overall mass balance is given by 

ClVl i- Czv2 = CJ,ovl %v2 

and the rate of change of permeant in the second chamber is given by 

Va dc,/dt = KA(c1 - c+) 

'. The solution to these equations is 

This result suggests that i f  the expression in brackets on the left is 

plotted versus time on semilogarithmic graph paper, a straight line will  

be obtained, whose slope is proportional to K, the desired overal.1 coe€- 

ficient. The overall coefficient i s  related to the membrane permeability 

by the relation 

b 
1 / K  = 1/K t 2/K 

m 

where K is 

ficient in the 
m the membrane permeability and K is  the mass transfer coef- 

boundary layer on either side of the membrane. 
b 

Because of 

the special properties of the rotating disk membrane, K 

from the known speed and properties of the solutions, allowing the calculat- 

can be easily calculated 
b 

ion of K mo 
The method of sample taking, in which 1 ml of zinc free solution is 

replaced in the second chamber for each ml of sample taken results in 

the measured. concentration of zinc in each sample being less  than what 

would be obtained i f  no additions were made to maintain constant volume. 

Let 
czn = concentration of zinc in second compartment a t  time n, 

i f  no sample had been taken 

= measured concentration of zinc in sample taken a t  time n, c'gn 

under actual conditions of replacing sample with equal 

volume of Zn  free solution; 
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Then, 

2. 1. 1 . 3  Results and Discussion 

Figure 1 shows the results of a typical steady state run, plotted as 

suggested by the analysis in the previous section. 

Zn  concentration in the membrane was zero, with the concentration of 

Zn in the first chamber 0.4M, and a temperature of 26.5" C. 

centration of Zn in  the second chazher rose to 52pg/ml after one hour, 

Membrane area was 5.1 cm2, with chamber volumes of 259 and 295 ml  

respectively. The dry membrane is 0. 0012 inch thick. 

For this run, initial 

The con- 

We note that a leak developed in the membrane after about one hour, 

and that the technique was quite sensitive in detecting it. However, since 

steady state is obtained long before, a good value for overall permeability 
-5 

can be obtained. From the slope, a value of 3.50 x 10 cm/sec is cal- 

culated, 

similar conditions was 3.8 x 10 , as reported in  the Feb. 1970 report. The 

newer value i s  considered much more reliable due to  the improvements in 

operating technique and analysis recedly instituted. 

The only previous value for the same membrane, obtained under 
-5  

Experiments can now be reliably' performed, and a program to measure 

permeabilities for  a given mmblarne under varying conditions of concen- 

Oration and temperature has been instituted, 

temperature coefficient and comparison with diffusivity values in free 

solution, (reported on in  section 2.2 of this report), will give insight into 

the mechanism of permeation and possible interaction of permeant and 

membrane, leading to development of membranes with improved permeation 

characteristics. Because, even with our improved technique, many time 

consuming determinations a r e  needed for each membrane using the steady 

state technique,unsteady state methods in which the bulk concentrations 

a r e  deliberately varied with time a re  being developed. 

below in Sec. 2.1.2. 

Measurement of the permeability 

This is discussed 
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2.1.2 Unsteady State Experiments 

2.1.2.1 Procedure 

To decrease the number of separate runs needed to evaluate a given 

membrane, an impulse response technique for  varying the solution concen- 

trations is being developed. The procedure differs from the steady state 

runs in  that initially both chambers a re  filled with 40% KOH with no zinc. 

To start the run, a given volume of solution is withdrawn from one compartment, 

and replaced by the same volume of solutihn , Fontaining zinc. 

is then accurately known. 

troduced, and samples withdrawn from one compartment, and replaced by 

the same volume of solution containing zinc. 

curately known. In the first trials, 10 m l  of 0.4 M ZnO was introduced, and 

samples withdrawn from the second compartment every minute. 

low concentration in  the first  compartment compared to that used in the steady 

state runs, reproducibility was poor. In later runsI 50 ml  of ZnO solution 

was used. 

boundary layer resistance. 

syringes to the inlet and exit ports, so that the solutions can be added and 

withdrawn rapidly., Mechanical stirring was used in each compartment to 

speed up mixing and insure that representative samples were obtained. 

ture was maintained a t  21.5" C. 

The initial time 

In the first trials, 1.0 ml of 0.4 M ZnO was in- 

The initial time is then ac- 

Because of the 

The membrane speed was increased to 21.5 RPM to decrease the 

A three-way stopcock is used f o r  connecting 50 ml 

Tempera- 

In theory, the permeability can be obtained from the unsteady state concen- 

tration change of Zn with time in  the second compartment, for a given con- 

centration in the first compartment which changes only very slowly with 

time. After sufficient samples have been taken to adequately describe the 

output curve, a second impulse of concentrated Zn colution can be added to 

the first compartment, and the permeability determined for the higher Zn con- 

centration. 

concentrations can be obtained from a single rune 

temperature can be made during the run, so that the entire concentration- 

temperature variation of permeability for a single membrane can be obtained 

from a single run. 

In this way, permeabilities for the entire desired range of Zn 

Similarly, changes in  
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The concentration of ZnO in the first compartment i s  obtained as 

follows. Let 

crl0 = concentration of Zn in first compartment before addition of 

V ml of ZnO solution containing M moles of Zn/liter 

clo = concentration of Zn in first compartment after the addition; 
r 

then ! \  

Thus, step changes of any size in Zn concentration can be 

To increase limited only by the concentration M obtainable. 

obtained, 

the size of the 

step, hot solutions, containing ZnO concentrations much greater than 

saturated at the temperature of the run, will be added in future runs. 

2.1.2.2 Preliminary Results 

Figure 2 gives the concentration of Zn in the second compartment during 

a preliminary run using the step response technique. Each discontinuity in 

slope corresponds to a step increase in ZnO concentration in the first corn- 

partrnent. 

ferent concentrations were obtained. 

making analysis difficult. 

such as: too small changes in the size of the step; too small values in the volume 

of each step; and use of the same needles for adding and withdrawing samples 

which led to contamination between samples. These problems a re  eliminated 

by obtaining adequately size needles and syringes in sufficient quantity to 

enable completion of an entire run without having to reuse the same needles, 

and by adding hot solutions of higher Zn concentration. 

complete results for the polyethylene membrane will be available for the next 

report. 

During this single one and one-half hourrun, data for  five dif- 

It wi l l  be noted that scatter is high, 

This is due to imperfections in  the technique, 

It is expected that 



8 

0 

d 
I 



30. 

2 
i= 
0 

P 
x 
2 
lu 

V , SECOND 



31. 

2.2 Diffusivity of ZnO in 40% KOH Solution 

2.2-1 Double Channel Apparatus 

The double channel capillary apparatus described in the last  report has 

been equipped with constant flow and temperature control, as shown in 

Figure 3. 

is capable of flow rates as low as 10 

The main head tank provides constant flow to the apparatus, and 
-2 

mlfsec. The small constant level 

tank is used to maintain the level of solution above the capillaries. 

temperature bath allows temperature in  the apparatus to be controlled to 

within 0.1" C over a range from 15 to 40" C. 

The 

Since the volume of the capillaries must be accurately known to calculate 

diffusivity from this technique, volumes for all three sizes were 

determined. Each capillary was filled with mercury, and the meniscus 

flattened using the same screw apparatus used during a run(see report of 

Sec. 2. 2 July-Sept.J970. The capillaries were then weighed and compared 

with the empty weight. Typical values a re  a s  follows: 

Small capillary: 0.0628 - t .0003 ml 

Medium capil1ary:O. 0872 - t .0007 ml 

Large capillary: 0.1096 - t e 0007 ml  

2.2.2 Flow characteristics 

In order to estimate &e magnitude of the AA effect (see below) the linear 

velocity past the mouth of the capillary must be known. 

was used to estimate this velocity for the capillary apparatus: 

The following analysis 

Assume that a parabolic velocity profile exists in the channel apparatus 

in  both the vertical and horizontal directions, as shown, 

assumption at the low velocities used. 

This is a reasonable 

Let 

v 

vt 

= centerline velocity in  top view; 

= surface velocity in top view. 

C 
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Then, for  parabolic distributions, 

v = v t [ 1 - (z/d)’] [ 1 - (y/w)‘] 

and the average velocity in the channel i s  givcn by 

- 1 [J Vdydz 
V ave - A  

when the integrations a re  carried out. 

Q, we have 

In terms of the volumetric flow rate 

v = (9/4) Q l A  t 

where A is the cross section area of the channel. 

For the apparatus used here, w = 2.3 cm; d = 2.6 cm; and the tops of 

the capillaries a re  located a t  position y = 0.7 cm and z = 1,3 cm. The 

linear velocity past the mouth of the capillary is then 

V = 0.13Q 

2.2. 3 Reduction of Ab Effect 

According to the literature’, the magnitude of the AReffect depends on 

the Reynolds number of the flow past the tip of the capillary. 

numbers less  than unity the effect should be negligible. 

volumetric flow rate easily attainable in the present apparatus is about 

Using the relationship for linear velocity obtained in  the 

For  Reynolds 

The lowest 

ml/sec. 
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previous section, for this flow rate the linear velocity past the mouth of 

the capillary is 1.3 x 10 cm/sec. Because of the low velocity, small size 

and high viscosity, the Reynolds number is then much smaller than unity, 

so that the AI, effect should be negligible. 

- 3  

It remains to be determined if the velocity is  sufficient to achieve 

matching of the boundary condition used in solving the capillary diffusion 

equation, which is that the concentration at  the mouth should be maintained 

the same as that of the bulk solution by adequate flow. 

mum required flow i f  given by 

'. 

A criterion f o r  mini- 

d2 =2DAt 

where d is the capillary diameter, D is the diffusivity of the solute, and A t  is 

the time available for  diffusion. 

the capillary should be 

Therefore, the velocity past the mouth of 

v = d / A t  2 2D/d 

The apparatus will be checked using 1N KC1 solution at  25"C,  for  which the 

diffusivity is 1,9 x 10 cm /sec. Capillary diameter is 0.2cm. Therefore, 

the velocity must be greater than 1.2 x 10 

velocity to be used is an order of magnitude greater, this condition will be 

achieved easily. Furthermore, since the diffusivity of zincate, based on 

our earlier results, is at  least an order of magnitude less than the KC1, 

the condition will also be matched f o r  the zincate determinations., 

-5 2 

-4 
cm/sec. Since the actual 

2.2-4 Optimization of Run Time 

In using the capillary technique, sufficient time must elapse to allow 

reduction in average concentration of the diffusing species, so that accurate 

analysis can be made of the difference in concentration between the beginning 

and end of the experiment. 

tions, the runs should be kept as short as possible consonant with the first 

criterion. 

infinite criterion would still be applicable, This is D t / L  < .06,  where 

I) is diffusivity, t is time, and L is the capillary length. 

then the time dependence -of average concentration in  the capillary is given by 

However, to allow sufficient numbers of determina- 

A good compromise would be to select a time such that the semi- 
2 

If this is met, 
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I " - - -  C ave - 2 JF c init L 

For a 2. 6 cm long capillary, the time for KCl  diffusion by these formulas 

is about 6 hours, If run times of 5,5 hours a re  used, we would then have, 

for the short (2.6 cm) capillary 1> 

C 
- -  - 0,734 ave 

init c 

For the long (4.6 cm) capillary, we have 

ave 

init 

C 

C 
II- - - 0.850 

These changes a re  well within the accuracy of the analytic technique for 

zinc using the AA-120 spectrophotometer. Therefore, run times of about 

5 hours will be standardized upon for the remainder of the diffusivity de- 

terminations. 
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